Purpose: The College of American Pathologists offers blinded proficiency testing (PT) for laboratories performing HFE genetic tests for hereditary hemochromatosis (common C282Y and H63D variants). This study used 10 years of PT data to determine laboratory performance for HFE analytical genotyping and clinical interpretation.
INTRODUCTION
Genetic sequence variation in the HFE (high Fe) gene is associated with the most common form of hereditary hemochromatosis (HH), type 1 hemochromatosis. HH can result in severe multiorgan dysfunction due to iron deposition, including cirrhosis, heart disease, and diabetes. HFE encodes an MHC class 1-like membrane protein that interacts with β2-microglobulin and transferrin receptor 1 (TfR1), and it is involved in modulating iron absorption by altering the affinity of TfR1 for transferrin-bound iron. 1 Homozygosity for the HFE C282Y (c.845G>A) variant is seen in ~80% of individuals with HH, although there is incomplete penetrance. [2] [3] [4] [5] [6] The HFE C282Y variant disrupts disulfide bridges in the extracellular domains, thus preventing association with β2-microblobulin and TfR1. HFE H63D (c.187C>G) has also been associated with iron overload, primarily in C282Y/H63D compound heterozygotes, although the penetrance is very low. 4 Both of these variants are common in Caucasians, with allele frequencies of ~5-7% (C282Y) and ~13-15% (H63D). 3, 7 Laboratory testing for the HFE genotypes associated with HH became one of the most commonly performed molecular genetic tests soon after the identification of HFE-associated hemochromatosis. However, the clinical utility of HFE genotyping has been somewhat controversial, due primarily to the low penetrance and high mutant allele frequencies of HFE sequence variants associated with hemochromatosis. HFE genotype testing is often targeted to individuals with suspected iron overload, such as those with increased transferrin saturation and/ or serum ferritin, and it is not recommended as a population screen. [8] [9] [10] [11] HFE genotype testing can also be useful in individuals with a family history of hemochromatosis. Biochemical iron testing is recommended for all individuals being evaluated for hemochromatosis. Phlebotomy and/or iron chelation therapy are effective in reducing iron overload in at-risk individuals
Original research article with documented iron overload and can improve liver and cardiac function.
The College of American Pathologists (CAP) offers external proficiency testing (PT) for clinical laboratories performing molecular genetic tests, including HFE genotyping for the C282Y and H63D variants. The CAP/American College of Medical Genetics and Genomics Biochemical and Molecular Genetics resource committee oversees PT for HFE genotyping. Blinded DNA samples selected for carrying different HFE genotypes are distributed biannually to participating HFE-testing laboratories that then perform HFE genotyping using their routine laboratory-developed testing methods. Results are graded by CAP for the accuracy of both the genotype determinations and the clinical interpretations of these genotypes. This report summarizes the cumulative results of laboratory performance for HFE analytical genotyping and clinical interpretation by laboratories participating in the CAP PT surveys from 2004 through 2013, covering more than 7,000 reported results from more than 250 different laboratories.
MATeRIALs AND MeTHODs samples tested
CAP PT for HFE analytical genotyping and clinical interpretation was analyzed over a 10-year period (2004 through 2013), with three blinded samples per survey mailing, two survey mailings per year, and 57 total distributed samples. This PT survey targeted the common C282Y and H63D variants. The CAP-distributed samples were genomic DNA extracted from human cell lines with known HFE genotypes (from Coriell). CAP-designed result forms were completed by participating laboratories with analytical and interpretive responses, and returned to CAP for grading. The result forms also contained background questions regarding test method, HFE testing volume, and turnaround time for each laboratory. Responses were collated by the CAP and provided blindly to the Biochemical and Molecular Genetics Committee for analysis.
Analysis of HFE analytical genotyping
There were six potential genotypes that could be reported by participating laboratories: homozygous wild-type, heterozygous C282Y, heterozygous H63D, compound heterozygous C282Y/H63D, homozygous C282Y, and homozygous H63D. If the reported genotype did not agree with the known HFE genotype of the distributed cell line, then it was considered incorrect.
Analysis of clinical interpretation
The laboratories that provided a correct analytical HFE genotype were also graded on their clinical interpretation for that genotype result, given the clinical scenario that the sample was from a patient with documented biochemical iron overload. For survey years 2005 to 2013, the three possible interpretive responses (from which laboratories were asked to choose a single best response) were "This genotype is likely contributing to iron overload, " "There is no evidence that this genotype contributes significantly to iron overload, " or "Inconclusive. " For survey year 2004 (only), the third interpretive choice was "This genotype may or may not contribute to iron overload, " which was subsequently changed to "Inconclusive" beginning in 2005. For the purposes of this study, the consensus acceptable interpretations for each genotype (by which laboratories were graded) are detailed in Table 1 . Any reported clinical interpretations other than those listed in Table 1 were considered unacceptable responses.
Data analysis
To remove potential grading bias, the genotypes and interpretations reported at the time of the initial survey were re-graded for every sample. The analytical and interpretive grades were also compared across various other practices, laboratories, or demographic variables. Chi-squared tests of association were used to compare the grades across the various levels of the comparison variables. In addition to the overall chi-squared test, each level of the comparison variable was simultaneously tested (chi-squared) against the other remaining levels combined. The significance level was corrected using the Bonferroni correction factor. For ordered categories of selected comparison variables (i.e., HFE testing volume, survey year), a test of trends was conducted using the Cochran-Armitage test. Confidence limits were calculated using the exact quadratic formula. Statistical analyses were performed with SAS software.
ResULTs
Between 2004 and 2013, a cumulative total of 257 unique laboratories participated in the CAP HFE proficiency survey. On average, 138 (SE: 1.8) laboratories subscribed to each biannual survey, and each laboratory received an average of 30 cumulative samples (SE: 1.3). The total number of distributed samples within each of the six genotype groups is detailed in Table 2 . The genotyping methods used by participating laboratories Original research article were quite diverse, with the most popular methods being differential restriction enzyme fragment lengths (51%), melting curve-based methods (15%), probe-specific real-time PCR (TaqMan) methods (8%), direct sequencing (7%), and allelespecific PCR (7%).
Analytical genotype performance
Of the 7,663 total samples graded for the HFE analytical genotype across the 10-year survey period, there were 56 analytical errors across all laboratories and all genotypes (error rate, 0.73%; 95% confidence interval (CI): 0.54-0.99%) ( Table 2) . Of these 7,663 blinded PT samples, 99.3% were determined to have the correct HFE analytical test result (95% CI: 99.01-99.46%). By examining the temporal pattern of correct and incorrect analytical genotype results across each laboratory and survey, we could potentially attribute approximately half (n = 27) of the 56 total errors to a possible preanalytical sample switch with another sample from the same survey rather than to a true analytical error. There were 12 possible two-way sample switches and one possible three-way sample switch. There was a significantly higher analytical error rate for C282Y heterozygous (1.7%) and H63D homozygous (2.5%) samples, and a trend toward a higher error rate for C282Y homozygous samples (1.4%) as compared with the aggregate of the other five genotype groups. There was a significantly lower analytical error rate for wild-type samples (0.4%) as compared with the aggregate of the other genotypes.
Of the 257 unique laboratory participants, 219 (85%) had no analytical errors over the entire duration of the laboratory's participation in this survey (average 28 consecutive concordant samples per laboratory). Of the 38 laboratories (15%) that did make a genotype error at some time during the 10-year analysis, 14 laboratories (5.4%) made more than one genotype error (accounting for 32 cumulative errors) and 24 laboratories (9.3%) made a single error. A small fraction of laboratories (n = 14; 5.4%) was therefore responsible for a majority (32/56; 57%) of the total analytical genotype errors.
The analytical error rate was significantly higher among the 1,398 results from laboratories not located within North America (23 errors; 1.6%) than among the 6,229 results from North American (US and Canadian) laboratories (33 errors; 0.53%) (P < 0.0001). Additionally, the United States-based laboratories (n = 5,197 samples) had a lower error rate (0.54%) compared with the non-US laboratories (n = 2,430 samples; 1.15%) (P = 0.003). There was no significant difference in the analytical error rate among laboratories using any particular genotyping method. In particular, the 51% of laboratories using differential restriction enzyme fragment lengths as their genotyping method (by far the most popular method) had a 0.73% analytical genotyping error rate compared with a cumulative 0.75% error rate for laboratories using any other nonrestriction enzyme-based methodology (P ≥ 0.9). The method-specific error rates for these nonrestriction enzyme-based techniques were 0.54% for melting curve-based methods, 0.66% for probespecific real-time PCR (TaqMan) methods, 0.59% for direct sequencing, and 1.5% for allele-specific PCR. None of these method-specific error rates was statistically significantly different from the others (P ≥ 0.4).
As part of the CAP survey, laboratories were asked to selfreport their HFE testing volume. To assess the relationship between analytical error rate and number of monthly samples tested by a laboratory, we defined four unbiased, approximately equally sized, quartile groups of test volume (1-6, 7-15, 16-40, and >40 tests per month). Using a Cochran-Armitage trend test in these four quartile-defined groups, the analytical error rate progressively decreased as the test volume progressively increased-with error rates of 1.1, 0.80, 0.67, and 0.49%, respectively, for the lowest to highest volume quartiles (P = 0.044).
sensitivity and specificity of analytical genotyping HFE genotyping analytical sensitivity and specificity were calculated based on the 7,663 total genotype results obtained over the cumulative 10-year period ( Table 3) . For these sensitivity and specificity calculations, two different assumptions were made regarding the clinically relevant "true positive" genotype intended to be detected by this test: (i) any non-wild-type a Correctly genotyped HFE wild-type samples were defined as "true negative" (specificity = 4,681/4,700), and samples correctly identified as having any HFE mutation were defined as "true positive" (sensitivity = 2,945/2,963, including 19 samples with the wrong mutant genotype). b Correctly genotyped C282Y homozygous samples were defined as "true positive" (sensitivity = 797/808), and samples correctly identified as having any genotype other than homozygous C282Y were defined as "true negative" (specificity = 6,850/6,855, including 40 samples with the wrong non-C282Y/C282Y genotype).
Original research article sample or (ii) only a C282Y homozygous sample. The analytical sensitivity and specificity were >98.5 and >99.5%, respectively, for detecting any abnormal HFE genotype and for detecting only the highest-risk homozygous C282Y genotype.
Clinical interpretation performance
For each blinded survey sample, laboratories were also asked to interpret the clinical relevance of their genotype result for a hypothetical patient with biochemical iron overload. Overall interpretive error rates were calculated over the 10-year period based on the acceptable interpretive response for each genotype as defined in Table 1 . Of the 7,562 samples with an evaluable clinical interpretation, 7,240 samples (95.7%) had an acceptable interpretive response and 322 samples (4.3%) had an unacceptable interpretive response ( Table 4 ). This 4.3% interpretive error rate (95% CI: 3.9-4.8%) was significantly greater than the observed analytical genotyping error rate of 0.73% rate (95% CI: 0.54-0.99%) (P < 0.001). In contrast to the 85% (219/257) of laboratories that never had an analytical genotyping error over their entire time period of survey participation, only 34% of laboratories (n = 87) gave a consistently correct interpretive response for every analyzed sample.
A genotype-specific breakdown of the interpretive error rates ( Table 4 and Figure 1) shows that >94% of interpretive responses were acceptable for the homozygous wild-type, heterozygous H63D, compound heterozygous C282Y/H63D, and homozygous C282Y genotypes. The C282Y heterozygous and H63D homozygous samples, by contrast, yielded an interpretive error rate much higher (24 and 46%, respectively) than that for the other genotype groups (P < 0.0001). These two errorprone genotype groups cumulatively accounted for 77% of the total interpretive errors (249/322). Conversely, homozygous C282Y (0.13%) and homozygous wild-type (0.19%) samples had a statistically lower interpretive error rate than the other genotype groups (P < 0.0001).
The distribution of each of the three possible interpretive responses given for each of the six genotype groups is shown in Figure 1 (n = 7,562). In three genotype groups (homozygous wild-type, heterozygous H63D, and homozygous C282Y), there was a high level of consensus, with a single best interpretive response given by 99.8, 94.5, and 99.9% of laboratories, respectively. For the compound heterozygous C282Y/H63D genotype, although only 4.3% of responses were considered unacceptable ("no evidence that the genotype contributes significantly to iron overload"), there was substantial heterogeneity in the two acceptable responses: 77% of interpretive responses were that the C282Y/H63D genotype "likely contributes to iron overload" (the best response), and 19% of interpretive responses were that the clinical significance of this genotype is "inconclusive. " For C282Y heterozygous samples, 76% of responses were the best acceptable interpretation that this genotype does not contribute significantly to iron overload. However, a cumulative 24% of unacceptable responses were that the clinical relevance of this genotype is either "inconclusive" (13% of responses) or that it "likely contributes" to iron overload (11% of responses). The H63D/H63D homozygous genotype had the greatest heterogeneity in clinical interpretation, with only 29% of respondents interpreting that in an individual with documented iron overload "This genotype likely contributes to iron overload, " which was considered the best acceptable interpretive response. Another 25% of responses were that the clinical correlative evidence for the H63D homozygous genotype is "inconclusive" (also considered an acceptable response). However, almost half (46%) of the total responses were that there is no evidence that the H63D homozygous genotype contributes to iron overload, which was considered an unacceptable interpretation.
In an attempt to determine whether laboratories with unacceptable interpretive responses subsequently improved their interpretive accuracy after participation in the educationfocused CAP survey, we examined the distribution of interpretive responses over time for the three error-prone genotypes (Figure 2) . In the four sequential surveys with a C282Y heterozygous sample, although the cumulative error rate was high (24%), the percentage of laboratories responding with the best acceptable interpretation that there is "no evidence that the genotype contributes to iron overload" progressively improved from 65% in 2005 to 82% in 2011 (P for trend < 0.001) (Figure 2a) . In the two surveys with an H63D homozygous sample, the percentage of laboratories responding with the best acceptable interpretation that this genotype is "likely contributing to iron overload" increased from 23 to 34% from 2009 to 2013 (P = 0.04) (Figure 2b) . For the compound heterozygous C282Y/H63D genotype, the percentage of laboratories correctly interpreting this genotype as "likely contributing to iron overload" increased from 34% in 2004 to 96% in 2013 (P for trend < 0.001) (Figure 2c) .
DIsCUssION
Since the 1996 discovery 12 that HFE C282Y homozygosity accounts for the overwhelming majority of HH cases in Caucasians, the CAP HFE PT survey has had one of the largest enrollment rates, with more than 250 unique laboratory 13 We have now expanded the analysis of laboratory performance over a longer and more recent 10-year period, and we have assessed the analytical genotyping accuracy of both common HFE variants (including H63D) in addition to the clinical interpretation of these genotype results.
The overall error rate for genotype determinations was low (0.73%), with an analytical sensitivity of >98.5% and specificity of >99.5%. Furthermore, 85% of participating laboratories had a perfect genotyping record (no errors) over this entire decade of testing. This represents excellent analytical sensitivity and specificity, with few false-positive or false-negative results by laboratories performing HFE genotyping over these 10 years. Although the overall genotyping accuracy was high, with an error rate of <3% for all HFE genotypes, the C282Y heterozygous and H63D homozygous genotypes demonstrated significantly higher analytical errors, and the homozygous wild-type genotype demonstrated significantly lower errors compared with all other combined genotype groups. Our updated analysis of analytical sensitivity and specificity for detecting the highestrisk HFE C282Y homozygous genotype yielded similar results as the previous analysis of CAP PT data from 1998 to 2002, which found a sensitivity of 98.4% (95% CI: 95.9-99.5) and a specificity of 99.8% (95% CI: 99.4-99.9) over this initial nonoverlapping 5-year period. 13 These data indicate that the analytical accuracy of HFE testing laboratories has remained very high over the past 15 years.
Nonetheless, any false-positive results will result in a positive predictive value of less than 100%, which would have significant implications for population screening. 13 Although population screening for HFE is generally not recommended, the CAP specificity data indicate that screening could result in 3-18 (95% CI) false-positive results for every 10,000 individuals, assuming that laboratory performance for PT is an accurate indicator of overall testing accuracy. Thus, in an asymptomatic individual with an isolated HFE C282Y homozygous result, confirmation of risk of iron overload should be confirmed by secondary testing and/or by determining biochemical indices of iron overload. In a patient who underwent HFE testing with confirmed biochemical iron overload, a false-negative result could lead to additional unnecessary testing and the ultimate failure to attribute this iron overload to an inherited condition that can be successfully treated with phlebotomy. Progressive clinical symptoms and end-organ damage could ensue. A falsepositive HFE testing result could, by contrast, result in unnecessary phlebotomy. Although this is not a particularly toxic treatment, it is inconvenient and, for nonhemochromatosis iron overload, usually ineffective. The familial consequences of inaccurate HFE genetic testing could also be substantial and might include delayed (or absent) case discovery in other family members. This could delay or prevent effective therapeutic intervention before the onset of irreversible end-organ damage.
The HFE genotyping error rates determined from CAP PT data may be an overestimate of the overall error rate of clinical HFE genotyping performed in US diagnostic laboratories. In general, North American (US and Canadian) laboratories performed better than non-North American laboratories with respect to genotype accuracy, and higher-volume laboratories performed better than those with a lower volume of testing. However, in all of these laboratory subcategories, the analytical error rate was less than 2%. In addition, preanalytic sample switching could have possibly accounted for a significant proportion of errors (~50%) observed in these PT surveys, based on a comparison of the expected genotype for each of the three samples concurrently tested in a given survey. An analogous observation has been documented for other CAP PT surveys, 14, 15 suggesting that analytical genotyping accuracy for real-world clinical samples may be higher than that measured by the PT surveys. Although there is no objective way of determining whether preanalytic errors are higher for the PT survey samples than for clinical samples, it is worth noting that due to the nature of the PT survey samples, they are typically not barcoded or labeled in the same manner that clinical samples are and therefore must be processed and handled differently (manually), which may lead to an increased rate of preanalytic labeling errors. Although laboratories are aware that these nonroutine samples are CAP proficiency samples, they are completely blinded regarding the genotype results.
In addition to analyzing analytical accuracy, we also analyzed the accuracy of the clinical interpretation of the genotype results using a clinical scenario of a patient with documented biochemical iron overload, which is the recommended clinical indication for HFE genetic testing. [9] [10] [11] Overall interpretive errors (4.3%) were significantly higher than analytical genotype Figure 1 Relative distribution of interpretive responses (for genotype contribution to iron overload) across all genotypes and samples (total n = 7,562). *Interpretations graded as the best acceptable response. For the H63D homozygous and compound heterozygous (C282Y/H63D) genotypes, "inconclusive" was also considered an acceptable response. errors. Of note, 66% of laboratories made at least one interpretive error that was in variance from the intended interpretations. The interpretation of two genotypes stood out as particularly problematic: C282Y heterozygous and H63D homozygous. There was also variability, although to a lesser degree, in the clinical interpretation of iron-overloaded subjects with the compound heterozygous C282Y/H63D genotype. The lack of consensus for these three genotypes is possibly due to conflicting literature regarding the relative risk and penetrance of these genotypes, and/or to failure to appreciate the difference in interpreting results in an individual with documented biochemical iron overload rather than screening healthy individuals. Many previous studies-several in large screening populations-have addressed the question of the complex genotypephenotype correlations between the two common HFE variants (C282Y and H3D), the clinical syndrome of symptomatic hemochromatosis, and/or its asymptomatic iron overload predecessor state. All of these studies have universally confirmed that the homozygous C282Y genotype is both the overwhelmingly predominant genotype in patients with clinically symptomatic hemochromatosis and the genotype predisposing to the highest risk of present and future progressive biochemical iron overload in subjects with no current symptomatic disease. [2] [3] [4] 6 The HFE H63D variant, in both the homozygous and compound heterozygous C282Y/H63D state, is associated with a much lower penetrance than homozygous C282Y with respect to the frequency and magnitude of elevated iron indices (i.e., ferritin and transferrin saturation) as well as to the risk of developing clinical symptoms and hemochromatosis-related end-organ disease. [4] [5] [6] 16, 17 Additional modifying risk factors likely play a major role in those rare H63D individuals who do develop iron overload. 8, 18 Thus, the observed heterogeneity in interpretations for the H63D homozygous and compound heterozygous C282Y/H63D genotypes may be due to the failure to recognize that, even though the penetrance for these genotypes is low, in an individual with documented iron overload, it is likely that these genotypes are contributing to the phenotype. Nevertheless, given the somewhat conflicting evidence regarding the disease risk and clinical penetrance of the H63D variant, the "inconclusive" interpretive response was considered acceptable for these two low-penetrance genotypes for all analyses in this article. Original research article HH is an autosomal-recessive disorder. Therefore, heterozygosity for C282Y is not associated with a significant risk of developing clinical hemochromatosis. Nevertheless, 4-15% of laboratories responded that HFE C282Y heterozygosity would "likely contribute" to biochemical iron overload. Of note, an additional 8-20% of laboratories responded that the C282Y heterozygous genotype was "inconclusive" for contributing to iron overload. This observed lack of consensus in interpretive responses may be due to some published population screening studies showing an increased trend in ferritin and transferrin saturation parameters in C282Y heterozygotes compared with wild-type individuals. 2, 19 However, the range of iron indices in these studies overlapped with those in wild-type individuals, and the overwhelming evidence indicates that C282Y heterozygotes are not at increased risk of developing clinical hemochromatosis. 3, 5, 16, 20 Despite the observed lack of consensus, interpretive responses for the problematic genotypes improved over the 10-year time window of evaluation. This performance improvement may be due to prolonged participation in the PT survey (perhaps as a result of education via the PT survey analysis discussion that is distributed to participating laboratories) or to additional clarifying publications in the literature over the time period analyzed. It should also be noted that it is difficult to accurately assess the clinical interpretation of a laboratory result in a simple multiple-choice survey format, and CAP does not solicit laboratory reports for a more complex analysis of reporting language. Patient-specific laboratory reports are likely to use clinical interpretation language that is more nuanced and descriptive than the three simplified discrete choices provided by the CAP survey. A recent publication investigating whether test results for HFE C282Y heterozygosity were associated with increased patient anxiety or harm indicated that these results were being appropriately interpreted as associated with no increased risk of disease. 21 However, it is possible that the observed PT survey heterogeneity in clinical interpretations of HFE genotyping may also be reflected in clinical diagnostic laboratory test reports that go to clinicians, and some misinterpretation of results may then ensue. There may be a need for further consensus and standardization in this area.
Previous publications have analyzed CAP/ACMG PT data for a variety of molecular genetic tests, including microsatellite instability, Tay-Sachs disease, Canavan disease, familial dysautonomia, BRCA1/2, pharmacogenetic analytes, Huntington disease, cystic fibrosis, fragile X syndrome, and other rare inherited disorders. 14, 15, [22] [23] [24] [25] [26] [27] Other publications have examined cystic fibrosis molecular testing in both the United States and Italy. 28, 29 All of these publications indicate that molecular genetic tests have excellent analytic performance, with an overall sensitivity greater than 95% and specificity greater than 99%. In addition, these published analytical error rates for molecular genetic tests are quite comparable to those found for other more automated diagnostic analytes in laboratory medicine, with well-documented analytical error rates ranging from 0.01 to 5%. [30] [31] [32] [33] [34] [35] [36] Prior publications have also documented findings analogous to this study concerning a higher variability in interpretive (compared with analytical) performance, with interpretive accuracy rates ranging from 92.5% for BRCA1/2 (ref. 25) to 99.7% for familial dysautonomia. 23 Our findings for HFE are consistent with these results, with respect to both analytic and interpretive performance. Virtually all of the aforementioned genetic testing is performed using laboratory-developed tests or laboratory-developed procedures, and there are no commercially available US Food and Drug Administration-cleared tests for HFE genotyping. Laboratory-developed molecular methods for the detection of genetic diseases thus yield highly accurate analytical results.
